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Study  region:  Okavango  Delta,  Middle  Kalahari,  NW  Botswana.
Study  focus:  We  investigated  the  effect  of  evapotranspiration  on  the evolution  of dissolved
inorganic  carbon  (DIC)  and  stable  carbon  isotopes  of  DIC  (13CDIC) in  the  Okavango  River.
We  measured  the DIC concentrations  and  the 13CDIC for  samples  collected  over  a 400  km
reach  of  the  river  in  the  Okavango  Delta  during  ﬂood  conditions  and  non-ﬂood  conditions.
In addition,  we  incubated  river  samples  collected  from  the proximal  portion  (Mohembo)
and  the distal  portion  (Maun)  of  the  Delta  and  subsequently  evaporated  the  samples  by
∼90% under  ambient  conditions.
New  hydrological  insights:  We  found  a 379%  and  500%  increase  in  the  DIC concentrations
and  a  13CDIC increase  of 3.9‰  and  6.1‰  in  the river  during  the  ﬂood  non-ﬂood  conditions,
respectively.  The  DIC  concentrations  of  evaporated  river  samples  increased  by 535%  for  the
Mohembo  and  by  850%  for  the Maun  samples.  The  increase  in  the  13CDIC of  the evaporated
river  samples  resulted  from  CO2(g) loss  during  chemical  equilibrium  with  atmospheric  CO2(g)
followed  by  carbon  exchange  between  DIC  and atmospheric  CO2(g).  Although  the  13CDIC
increased  spatially  for the Okavango  River,  it never  reached  the  value  of  ∼0‰  expected  for
equilibration  of  river  DIC  with  atmospheric  CO2(g). The  results  of  the  evaporated  river sam-
ples suggest  that  isotopic  enrichment  from  equilibration  in  Okavango  River  was balanced
by  respiration  and  photo-oxidation  of  carbon-depleted  dissolved  organic  matter.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. IntroductionThe carbon in riverine dissolved inorganic carbon (DIC; CO2(aq) + HCO3− + CO32−) pool constantly interacts with atmo-
pheric CO2(g), making rivers an important interface in the transfer of terrestrial and aquatic carbon to the atmosphere
Meybeck, 1982; Richey et al., 2002; Cole et al., 2007). In fact, it is estimated globally that 50% of riverine carbon is trans-
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ferred to the atmosphere before rivers discharge to the oceans (Cole et al., 2007). Carbon cycling investigations in rivers have
focused in tropical and temperate regions and because rivers in these regions empty into the ocean; they are useful for the
quantiﬁcation of global carbon cycling (e.g., Hope et al., 1994; Telmer and Veizer, 1999; Raymond and Cole, 2001; Hélie et al.,
2002; Richey et al., 2002; Brunet et al., 2005; Kanducˇ et al., 2007; Billett and Moore, 2008; Johnson et al., 2008). Studies of
carbon cycling in river systems that do not discharge into the ocean are limited perhaps because they do not export carbon
to the ocean and are assumed to be unimportant in the global carbon cycle. River systems that do not empty into the oceans
are endorheic and largely exist in arid environments and prominent ones, such as the Amu  Darya River and the Chari and
Logone Rivers are characterized by the presence of former large lakes at their terminus (e.g., Seeley et al., 2002). The cycling of
carbon in endorheic river systems will be different from that of tropical and temperate river systems because of fundamental
differences in water cycle processes. For example, in arid environments, discharge tends to decrease down river due mostly
to evaporative loses and an inﬂuent hydrologic ﬂow regime. In tropical and temperate environments, discharge generally
increases down river due to efﬂuent hydrologic conditions. At the terminus of endorheic rivers in arid environments, water
is retained temporally at the surface where it is subjected to further evaporation and/or recharges groundwater. While the
cycling of carbon in an endorheic river basin occurs entirely within the terrestrial/atmospheric reservoirs, the role of these
endorheic rivers systems in local, regional or global carbon cycling remains unclear.
We can predict that carbon at the terminus of an endorheic rivers is going to be stored in solid (organic and inorganic)
forms, in the dissolved form in groundwater (as DIC or dissolved organic carbon) or transferred into the atmosphere. However,
the balance and interplay between the physical, chemical and biological processes and the hydrologic and climatic controls
on carbon cycling are not clearly understood. The link between riverine carbon and the atmospheric CO2(g) is via DIC and
variations in the DIC concentrations in the riverine DIC pool commonly reﬂect input/output of carbon that is in part controlled
by river-atmosphere interaction. Nevertheless, increases in the DIC concentrations in rivers in arid environments where high
rates of evaporation occur may  not always be due to carbon input (e.g., Akoko et al., 2013).
The stable carbon isotope ratio of DIC (13CDIC) in the river water changes when carbon is (1) added (e.g., dissolution of
CO2(g), weathering of CaCO3 or from organic matter oxidation), (2) removed (e.g., photosynthesis, evasion or precipitated
as carbonates), or (3) exchanged between the DIC pool and atmospheric CO2(g). Carbon from different sources has unique
isotopic composition and the transformation of carbon by several of the processes involve in carbon cycling cause isotopic
fractionation (e.g., Clark and Fritz, 1997). Thus, the 13CDIC in river water represents a bulk property whose value is inﬂuenced
by (1) source of carbon, (2) processes that cause 13C vs. 12C partitioning and (3) the extent to which the processes that cause
13C vs. 12C partitioning affect the DIC pool.
We can use the spatial and temporal variations in DIC concentrations and the 13CDIC to evaluate the effects of hydrology,
chemistry and river-atmosphere interaction in carbon cycling in an endorheic river system. We  selected the Okavango Delta
at the terminus of the Okavango River basin for this study. The Okavango Delta is at the terminus of an endorheic river
basin and occurs in a semiarid environment (Seeley et al., 2002). The Okavango River ﬂows for over 400 km for 4–6 months
through a wetland complex. The long residence time exposes river water to evaporation and transpiration which affects
solute chemistry and the dense aquatic and wetland vegetation allows for extensive river water-vegetation-atmosphere
interactions which affect carbon cycling. A previous study by Akoko et al. (2013) suggested that evapotranspiration was
responsible for the spatial increases observed in the DIC concentrations across the Okavango Delta. Also, despite the occur-
rence of extensive vegetation and organic matter in the delta, Akoko et al. (2013) suggested that equilibration of carbon in
the river DIC and atmospheric CO2(g) dominated DIC and 13CDIC evolution. To assess the role of evapotranspiration in DIC
concentration changes and the role of respiration of organic matter on the 13CDIC, we collected, incubated and evaporated
river water from the proximal end of the delta before signiﬁcant evapotranspiration and from the distal end after extensive
evapotranspiration. Our objective was to use the temporal DIC concentrations and the 13CDIC results of the evaporated river
water interacting with the atmosphere to assess the DIC and 13CDIC evolutionary behavior for river water spatially across
the Okavango Delta during ﬂood and non-ﬂooding seasons. These results provide greater insights into the DIC evolutionary
behavior and into the cycling of carbon at the terminus of an endorheic river system in a semiarid environment.
2. Study site
The Okavango River (Fig. 1) is located in semiarid NW Botswana. The Okavango River at its terminus consists of a Panhandle
region and a series of distributaries (The Okavango Delta) developed on an alluvial fan (>22,000 km2) that supports Africa’s
largest pristine wetland complex (McCarthy et al., 1993). The vegetation type, distribution and density have been described
and deﬁne different wetland ecotones (Fig. 1): permanently ﬂooded, seasonally ﬂooded and occasional ﬂooded regimes (e.g.,
McCarthy et al., 1993).
The hydrology of the Okavango Delta is characterized by an annual ﬂood pulse which travels down the delta in 4–6
months. High water conditions occur in the dry season (April to October) when the delta is ﬂooded by discharge from
subtropical watersheds in Angola, while low water conditions occur during the rainy season (November to March) when
local rainfall estimated annually at 450 mm  (e.g., McCarthy et al., 2012; Milzow et al., 2009) produces no or limited ﬂooding
across the delta. Within the Okavango Delta, groundwater in the local watershed does not recharge the river as groundwater
table depths are several tens of meters below river level ((McCarthy et al., 1998). Since the hydraulic gradient is from the
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sig. 1. Map  of the Okavango Delta showing the Okavango River and distributaries, swamps and sampled locations. (Modiﬁed from Ellery et al., 2003).
iver to the groundwater table, the river represents a major source of groundwater recharge in the region (McCarthy et al.,
998; DWA, 2003; McCarthy, 2006).
. Material and methods
.1. Sample collection and analyses
We  investigated river water collected from select stations (Fig. 1) across the Okavango Delta during high water conditions
n June 2008 and low water conditions in January/February 2010 as these time periods represent ﬂow extremes. To assess
ow direct evaporation and organic matter respiration affect the DIC evolutionary behavior in the Okavango Delta, we
ollected river samples from Mohembo at the proximal and Maun at the distal ends of the delta (Fig. 1) in opaque 25 L plastic
ontainers in February 2010. The river water from Mohembo has undergone limited evapotranspiration while the river water
rom Maun, which is separated from Mohembo by ∼400 km (river distance), has undergone extensive evapotranspiration.
hus, river water from Mohembo and Maun are considered endmembers in this study. The river samples were transported
o the University of Botswana (UB) where they were incubated in the opaque 25 L plastic containers in the laboratory at room
emperature (23–25 ◦C) for four months. We  incubated the river samples so that DIC produced from microbial respiration of
rganic matter would contribute to the aqueous DIC. We  then transferred the samples into open 68 L plastic basins (60 cm
iameter × 24 cm deep, graduated at 2 cm depth intervals) and left them outside on top of the roof of a two story building at
B for 35 days (May 26–June 29) to evaporate under ambient conditions. The mean daily outdoors temperature during the
eriod of the experiment varied from 16.7 to 6.1 ◦C and there was  no precipitation (Weather Underground, 2015).
For both the ﬁeld samples and evaporated river samples, we measured the total dissolved solids (TDS), temperature and pH
sing a Yellow Spring Instrument (YSI) multi-parameter probe calibrated according to the manufacturer’s recommendations.
iver water from each sampling location in the ﬁeld was  collected using the grab technique from approximately 25 cm below
he water surface in a 2 L high density polyethylene (HDPE) bottle attached to a telescoping pole to reach into the river. Water
amples evaporating in the containers were collected using a 60 mL syringe. All samples were ﬁltered using a 0.45 M nylon
4 E.A. Atekwana et al. / Journal of Hydrology: Regional Studies 7 (2016) 1–13
ﬁlter after collection and aliquots were dispensed into un-acidiﬁed 30 mL HDPE bottles for anions and into 60 mL  HDPE
bottles that were acidiﬁed with high purity nitric acid to a pH < 2 for cations. Samples for DIC quantiﬁcation and 13CDIC
determination were collected in 15 mL  pre-evacuated vacutainer tubes preloaded with 1 mL  of 85% H3PO4 and magnetic stir
bars (Atekwana and Krishnamurthy, 1998). Samples for the analysis of the stable carbon isotope ratio of dissolved organic
carbon (13CDOC) were collected in pre-combusted 60 mL  amber glass bottles. Samples for stable isotopes of hydrogen (D)
and stable oxygen isotopes (18O) analyses were collected in 20 mL  glass scintillation vials with inverted cone closure.
The extent of evaporation was determined by measuring the volume of water in the basins prior to each sampling event.
The amount of water withdrawn for chemical and isotopic analyses was noted and subtracted from the change in water
volume over time. The alkalinity concentration was  determined by acid titration (Hach Company, 1992) and K+, Na+, Mg2+ and
Ca2+ were determined by ion chromatography. The DIC concentration was measured manometrically from CO2(g) extracted
from the vacutainer tubes (Atekwana and Krishnamurthy, 1998). The 13C of the CO2(g) was measured on a Thermo Finnigan
Delta Plus XL isotope ratio mass spectrometer (IRMS). Samples to determine the 13CDOC were acidiﬁed with HCl. About
20–25 mL  of each sample was freeze dried in pre-combusted quartz tubes. Cupric oxide (CuO) was  added to the freeze dried
samples and the tubes were evacuated prior to being combusted at 900 ◦C for 3 h (Boutton et al., 1983). The CO2(g) from
the DOC was puriﬁed on a vacuum line and sealed in Pyrex tubes. The 13CDOC was  measured from the extracted CO2(g)
with a Thermo Finnigan Delta Plus XL IRMS. The D and 18O were measured by a high temperature conversion elemental
analyzer (TCEA) (Gehre et al., 2004) coupled to a Thermo Finnigan Delta Plus XL IRMS. The  values are reported relative to
VPDB standard for 13C and relative to VSMOW standard for D and 18O. Routine measurements of in-house standards and
replicate samples have an overall precision of better than 2.0‰ for D, 0.2 for 18O and 0.1‰ for 13C.
3.2. Geochemical modeling
The computer program PHREEQC Version 2 (Parkhurst and Appelo, 1999) was used to calculate the partial pressure of CO2
in the aqueous phase (pCO2) using pH, temperature and DIC concentrations. We  also used the computer program PHREEQC
to calculate the saturation state with respect to calcite using pH, temperature and DIC and Ca2+ concentrations.
4. Results and discussion
4.1. Carbon cycling model
A simpliﬁed conceptual model of carbon cycling in the terminus of the endorheic Okavango River in the Okavango
Delta is such that carbon is cycled between riverine DIC and biomass, lost to the atmosphere, trapped as precipitate on
ﬂoodplains and islands or stored in groundwater (e.g., Akoko et al., 2013). This simpliﬁed conceptual model of carbon
cycling can be confounded by the exposure of river water to the hot climate over long periods of time (4–6 months river
transit time) and by the presence of extensive submerged and emergent aquatic vegetation as the river and its distributaries
ﬂow through the wetlands. We  modify the cycling of carbon to consider site speciﬁc conditions which include: (1) long
hydrologic residence time in which evapotranspiration affects water chemistry, (2) extensive interaction between riverine
DIC and carbon from the heavily vegetated wetland and ﬂoodplains, (3) aquatic photosynthesis by abundant submerged
aquatic vegetation and (4) microbial mineralization of abundant DOC in river water. When we  collected river water and
evaporated it under ambient conditions, we maximized the role of evaporation and minimized the role of transpiration
from vegetation on evapoconcentration of DIC. Also, we minimized the effect of wetland-ﬂoodplain-river carbon interaction
and the role of submerged aquatic vegetation on the 13CDIC evolution by conducting the experiment ex-situ of the river.
However, we assessed the role microbial respiration of DOC by incubating the samples for 4 months. We  will ﬁrst examine
the effect of evapoconcentration on DIC evolution and assess the factors that control the 13CDIC in the evaporated river
samples. We  then use the information to provide insights into the DIC and 13CDIC evolution in the Okavango Delta.
4.2. Evapoconcentration and solute chemistry
To determine the effect of evapotranspiration, we ﬁrst have to establish its occurrence in the river samples. Covariation
of the 18O vs. D along an evaporation trajectory is used as evidence of evaporation (e.g., Clark and Fritz, 1997). We show
the 18O vs. D relationships for river samples collected in 2008 and 2010 along with the Okavango Delta Evaporation Line
(ODEL) of Dincer et al. (1979) in Fig. 2. The 18O vs. D relationships are deﬁned by the least squares regression equations:
D = 5.018O—15.9 for the evaporated river sample from Mohembo and D = 4.418O—5.9 for the evaporated river sample
from Maun. The evaporated samples from Mohembo and Maun and river samples collected spatially across the Okavango
Delta in 2008 and 2010 all lie along the ODEL. The difference in the slope and intercept for the evaporated river samples
relative to the ODEL are due to differences in the starting values of the D and 18O of the river samples used in the evaporation
experiment which must also vary signiﬁcantly for the ﬁeld samples used to construct the ODEL.The extent of evaporation and the D for the evaporated river samples from Mohembo and Maun show a good (R2 > 0.99)
positive correlation (Fig. 3a). The enrichment of solutes represented by TDS vs. [K+ + Na+ + Mg2+ + Ca2+] shows a good,
positive correlation (y = 0.41x + 0.86; R2 = 0.97) for the evaporated river samples. This indicates that the increase in the TDS
concentrations directly corresponds to increases in solute concentrations (e.g., Fig. 3b). We  show that the strong, positive
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Fig. 2. Cross plot of the stable oxygen isotope (18O) vs. the stable hydrogen isotope (D) composition of water for evaporated river water and river water
c
s
f
T
t
1
g
a
e
e
c
l
s
r
r
e
ﬂ
e
a
t
ﬂ
h
t
o
r
>
t
R
t
a
i
f
d
t
t
a
t
a
B
v
(
wollected spatially across the Okavango Delta. The regression line through the data is for the Okavango Delta Evaporation Line (ODEL) constructed for
urface water from Dincer et al. (1979). Also shown in the Figure are the least squares regression equations for evaporated river water from Mohembo and
rom  Maun in the Okavango Delta.
DS vs. [K+ + Na+ + Mg2+ + Ca2+] relationship holds true for ﬁeld samples (Fig. 3b) indicating that removal of water is likely
he cause for the increasing concentrations of the solutes in the river water as previously suggested (e.g., Dincer et al.,
979; McCarthy et al., 1993; Cronberg et al., 1996; Mackay et al., 2011; Akoko et al., 2013). Although increased discharge of
roundwater can account for spatial increases in solute concentration in arid environments (e.g., Cartwright, 2010; Taylor
nd Fox, 1996), there is no groundwater inﬂux into the Okavango River and its distributaries, discounting groundwater
ffects on solute increases in surface waters in the Okavango Delta region (e.g., Meier et al., 2015).
Although the ﬁeld samples conﬁrm increased solute concentrations by water removal, they do not indicate the role of
vaporation vs. transpiration. Thus to evaluate the role of evaporation or transpiration on the increase in the TDS con-
entrations in the ﬁeld samples, we plot the TDS vs. D (Fig. 3c). The TDS vs. D for the evaporated river samples show a
og-normal relationship consistent with evaporation (e.g., Abongwa and Atekwana, 2014). Some of the samples collected
patially across the Okavango Delta during high and low water conditions deviate from the characteristic curves for evapo-
ated river water TDS vs. D. Field samples with TDS concentrations of <22 mg/L collected during high water in the Panhandle
egion (permanently ﬂooded reach; Fig. 1) cluster around a D of −30 to −35‰ and lie to the left of the regression line for the
vaporated river water samples (Fig. 3c) indicating little evaporation or increase in TDS. Since this is observed only during
ood conditions in the permanently ﬂooded river reach, we suggest that this is due to high river ﬂow velocity (McCarthy
t al., 1998; Tooth and McCarthy, 2004) along with cooler ambient temperatures (winter season) that minimize evaporation
nd transpiration. Also, because water ﬂows from the river channel to the ﬂoodplain and wetlands during ﬂood conditions,
he effect of evaporation and transpiration from the ﬂoodplain and wetland is minimal, as no water is discharge from the
oodplain and wetland to the river channel. In contrast, ﬁeld samples with TDS concentrations of >75 mg/L collected during
igh and low water conditions show a relatively higher increase in TDS concentrations as compared to their D and lie
o the right of the TDS vs. D regression lines (Fig. 3c). These ﬁeld samples were collected mainly from the distal portion
f the delta after 300–400 km of river ﬂow (stations in the lower Delta; Fig. 1). The increases in TDS concentrations with
elatively minor increases in the D indicate that river water in the seasonal and occasional ﬂooded reaches of the delta
250 km from Mohembo is affected by higher rates of transpiration compared to the panhandle region. We  infer greater
ranspiration because transpiration which removes water from the river is isotopically non-fractionating (e.g., Walker and
ichardson, 1991) and thus the observation of little change in the D with increasing TDS concentrations. We  also observe
hat during low water conditions, water samples from the permanently ﬂooded reach of the Panhandle and upper delta plot
long the trend of the evaporated river samples (Fig. 3c). We  suggest that this is consistent with river water conﬁned mostly
n the open channels with lower amounts of vegetation such that the effects of transpiration are negligible. Thus, water
rom the ﬂoodplain and wetland which must have been extensively transpired does not contribute signiﬁcantly to river
ischarge during this period. Our observations are consistent with previous studies by Akoko et al. (2013) who  suggested
hat during low water conditions, there is limited interaction between river water and the ﬂoodplain and wetland water in
he permanently ﬂooded reaches of the Okavango Delta.
A unique characteristic of the Okavango Delta is the fact that signiﬁcant amount of water ﬂowing in the Okavango River
nd its distributaries is lost to the atmosphere by direct evaporation and indirectly by vegetative drawdown coupled to
ranspiration. From hydrologic modeling, Wilson and Dincer (1976) and Dincer et al. (1979) suggest that as water travels
cross the Okavango Delta, 2% or less inﬁltrates into the groundwater, about another 2% of the water leaves the delta via the
oteti River and led to the conclusion that 96% is lost to the atmosphere by evapotranspiration. When we examine the TDS
s. [K+ + Na+ + Mg2+ + Ca2+] the highest TDS concentration for the ﬁeld sample from the Nhabe River at Toteng is 192 mg/L
Fig. 3b; Table 1) which results from evapotranspiration corresponds to ∼80% (TDS = 198 mg/L) of the evaporation of river
ater collected from Mohembo. During sample collection, water depth in the channel where the sample from the Nhabe
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Table 1
Physical, chemical and isotopic results for river water collected spatially across the Okavango Delta during high water conditions (ﬂood period) in 2008 and during low water conditions (non-ﬂood period) in 2010
and  river water collected from Mohembo at the proximal portion of the Okavango Delta and at Maun in the distal portions of the Okavango Delta and evaporated under ambient conditions. Temp. = temperature;
TDS  = total dissolved solids; DIC = dissolved inorganic carbon; 13CDIC = stable carbon isotope of DIC; 18O = stable oxygen isotope; D = stable hydrogen isotope; 13CDOC = stable carbon isotope of dissolved organic
carbon;  SICalcite = saturation index with respect to calcite; pCO2 = partial pressure of carbon dioxide.
SAMPLE ID DATE Longitude Latitude WaterVolume TEMP TDS pH Alkalinity DIC d13CDIC Na K Mg Ca 18O D 13CDOC SI Calcite pCO2
L ◦C mg/L SI mg/L(CaCO3) mg C/L ‰ mg/L mg/L mg/L mg/L ‰ ‰ ‰ atm.
River samples 2008
Okavango River Mohembo 6/25/2008 18◦ 16′37.98“S 21◦ 47′12.04“E 17.62 19 4.92 12.6 3.3 −9.0 1.7 1.5 0.7 3.6 −4.8 −34.8
Okavango River Drotsky Cabins 6/25/2008 18◦ 24′50.82“S 21◦ 53′05.19“E 17.84 19 5.10 13.8 3.5 −9.2 1.7 1.5 0.8 3.6 −4.6 −34.4
Okavango River Mogotlho-Sangoshe 6/26/2008 18◦36′25.24“S 22◦12′4.13“E 17.31 20 5.45 14.2 5.7 −8.9 1.8 1.4 0.9 3.8 −4.0 −31.6
Okavango River Sepupa 6/25/2008 18◦44′45.46“S 22◦11′54.09“E 16.72 23 5.02 15.4 6.2 −9.2 2.0 1.4 1.0 3.8 −4.1 −32.2
Okavango River Seronga 6/26/2008 18◦49′19.30“S 22◦24′51.79“E 17.42 22 5.29 15.0 6.3 −9.8 2.3 1.4 1.0 3.9 −3.6 −29.1
Okavango River Qurube 6/24/2008 19◦14′46.17“S 22◦15′11.85“E 15.12 22 5.16 17.7 9.4 −5.0 2.9 1.6 1.1 4.4 −3.8 −33.2
Thamalakane River Maun 6/24/2008 19◦56′31.18“S 23◦29′46.05“E 19.02 55 6.88 44.0 13.2 −9.5 12.0 4.0 3.0 11.7 1.8 −3.7
Khwai  River − Mababi 6/20/2008 19◦10′45.00“S 23◦59′25.54“E 20.07 94 7.49 68.0 14.7 −5.6 16.9 7.1 3.5 10.7 0.7 −7.0
Mababe Marsh 6/20/2008 19◦10′12.29“S 23◦59′43.64“E 19.02 104 8.05 76.0 15.8 −6.8 19.8 8.6 4.0 12.5 1.0 −4.9
2010
Okavango  River Mohembo 1/27/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 29.44 32 6.39 19.3 6.0 −7.9 2.8 2.0 1.1 4.5 −7.6 −51.3
Okavango River Shakawe 1/27/2010 18◦21′36.49“S 21◦50′46.99“E 28.54 32 6.56 20.5 6.7 −8.3 2.9 2.2 1.2 4.8 −7.3 −50.8
Okavango River Drotsky Cabins 1/27/2010 18◦ 24′50.82“S 21◦ 53′05.19“E 28.76 32 5.76 18.8 7.6 −8.1 2.8 2.1 1.1 4.6 −7.0 −50.6
Okavango River Mogotlho-Sangoshe 1/27/2010 18◦36′25.24“S 22◦12′4.13“E 28.39 35 6.03 20.4 7.5 −6.7 2.5 3.1 1.1 5.2 −6.1 −43.2
Okavango River Mogotcha 1/27/2010 18◦39′46.90“S 22◦15′54.67“E 31.29 40 6.09 23.2 8.3 −6.8 1.8 1.5 1.3 6.7 −3.3 −26.3
Okavango River Sepupa 1/26/2010 18◦44′45.46“S 22◦11′54.09“E 27.34 38 5.19 23.7 7.6 −8.1 2.6 2.9 1.3 6.1 −4.9 −37.3
Okavango River Seronga 1/27/2010 18◦49′19.30“S 22◦24′51.79“E 27.9 41 5.79 25.6 10.7 −4.2 2.6 2.4 1.5 7.2 −3.5 −32.3
Okavango River Boro Channel 1/29/2010 19◦53′59.25“S 23◦29′14.29“E 30.52 75 7.21 48.0 13.6 −6.3 9.3 4.2 2.7 10.8 0.8 −4.7
Thamalakane River Maun 1/30/2010 19◦56′31.18“S 23◦29′46.05“E 31.07 75 7.13 50.0 13.0 −6.6 8.9 4.0 2.7 10.8 0.7 −4.6
Nhabe  River Komana 2/4/2010 20◦11′49.63“S 23◦13′51.97“E 29.44 83 7.54 55.0 13.8 −4.0 17.4 4.9 3.0 12.9 2.3 −3.2
Nhabe  River Toteng 2/2/2010 20◦21′54.02“S 22◦57′23.10“E 25.85 186 7.13 125.0 36.0 −1.8 11.0 9.8 7.0 26.2 3.7 4.7
Kunyere River Toteng 1/28/2010 20◦21′33.62“S 22◦56′45.94“E 31.37 89 7.62 61.1 15.0 −6.5 6.5 5.5 5.2 46.6 0.0 0.0
Khwai  River Mababi 1/30/2010 19◦10′45.00“S 23◦59′25.54“E 28.14 84 7.16 54.0 13.9 −5.1 12.4 6.6 2.9 9.7 −0.3 −10.5
Evaporation samples
Mohembo 1 5/26/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 24.0 19.3 33 6.27 19.0 7.3 −18.2 2.9 2.1 1.2 4.8 −6.9 −48.9 −24.1 −3.1 −1.9
Mohembo 2 6/5/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 19.5 19.8 44 7.14 22.0 7.1 −7.8 3.7 2.8 1.6 7.4 −1.0 −21.2 −23.0 −2.0 −2.7
Mohembo 3 6/9/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 17.0 19.8 51 7.65 28.0 7.8 −6.9 4.3 3.2 1.6 6.8 0.8 −13.2 −23.9 −1.4 −3.1
Mohembo 4 6/14/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 14.0 17.0 64 7.73 38.0 8.8 −6.0 5.0 3.7 2.0 9.3 4.8 9.2 −24.2 −1.1 −3.1
Mohembo 5 6/18/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 11.0 17.3 91 7.85 47.0 12.3 −5.8 6.5 5.1 2.9 17.6 8.9 27.5 −23.5 −0.6 −3.1
Mohembo 6 6/22/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 9.0 21.0 107 7.82 60.0 14.1 −4.7 8.1 6.3 3.4 20.8 10.9 37.1 −22.9 −0.4 −3.0
Mohembo 7 6/26/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 6.5 21.4 153 7.97 78.0 18.5 −4.5 11.0 8.6 4.6 28.5 14.7 54.8 −23.3 −0.1 −3.0
Mohembo 8 6/29/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 4.8 19.9 198 8.14 117.0 27.6 −3.6 15.5 12.0 6.2 39.0 15.7 63.3 −23.6 0.4 −3.0
Mohembo 9 7/3/2010 18◦ 16′37.98“S 21◦ 47′12.04“E 2.0 20.5 366 8.35 194.0 46.5 −0.5 42.9 34.1 15.8 60.3 16.3 71.3 −22.5 0.9 −3.1
Maun  1 5/26/2010 19◦56′31.18“S 23◦29′46.05“E 24.0 18.9 70 7.02 51.0 9.7 −14.6 8.4 4.0 2.4 8.6 1.0 −3.7 −24.5 −1.7 −2.3
Maun  2 6/5/2010 19◦56′31.18“S 23◦29′46.05“E 20.5 20.5 92 7.14 54.0 14.4 −8.6 11.9 5.3 3.6 14.8 5.4 17.0 −24.3 −1.3 −2.3
Maun  3 6/9/2010 19◦56′31.18“S 23◦29′46.05“E 18.0 13.5 106 7.65 62.0 16.4 −7.4 12.5 5.8 3.5 13.5 7.6 26.3 −24.6 −0.9 −2.8
Maun  4 6/14/2010 19◦56′31.18“S 23◦29′46.05“E 15.0 18.1 124 7.61 73.0 17.1 −6.3 14.8 6.8 4.3 17.3 8.7 34.1 −24.0 −0.7 −2.7
Maun  5 6/18/2010 19◦56′31.18“S 23◦29′46.05“E 12.0 17.0 160 7.65 99.0 23.3 −4.9 18.6 8.8 5.9 26.8 12.3 51.1 −24.1 −0.4 −2.6
Maun  6 6/22/2010 19◦56′31.18“S 23◦29′46.05“E 10.0 20.7 192 7.85 111.0 28.0 −3.8 22.6 10.7 7.0 31.3 14.3 58.7 −24.1 0.0 −2.8
Maun  7 6/26/2010 19◦56′31.18“S 23◦29′46.05“E 7.0 24.2 245 8.08 163.0 39.0 −2.7 30.1 14.3 8.6 38.3 17.2 71.4 −24.0 0.5 −2.8
Maun  8 6/29/2010 19◦56′31.18“S 23◦29′46.05“E 5.0 19.3 320 8.12 240.0 56.4 −2.0 41.3 19.3 11.7 52.6 18.7 80.1 −24.0 0.7 −2.7
Maun  9 7/3/2010 19◦56′31.18“S 23◦29′46.05“E 2.1 19.3 514 8.34 348.0 91.8 −0.5 93.2 42.8 24.3 60.9 24.0 94.5 −24.0 1.1 −2.8
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Fig. 3. Cross plot of the stable hydrogen isotope composition of water (D) vs. the extent of evaporation of river water and (b) total dissolved solid (TDS)
vs.  [K+ + Na+ + Mg2+ + Ca2+] and (c) TDS vs. D for evaporated river water and river water collected spatially across the Okavango Delta.
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(iver at Toteng was collected was less than 1 cm and the water was likely isolated as we  also observed no water ﬂowing into
ake Ngami at that time. The location where the discharge was measured to model water balance in the Okavango Delta
y Wilson and Dincer (1976) and Dincer et al. (1979) was the Thamalakane River in Maun (Fig. 1). During our sampling in
010, the Thamalakane River had a discharge of 2.9 m3/s (ORI, 2015) and we measured a TDS of 75 mg/L which although
aused by evapotranspiration corresponds to ∼55% evaporation of river water collected from Mohembo. From discharge
ata (ORI, 2015), the 2.9 m3/s discharge is in the region of the lowest ﬂow measured in the last 10 years and indicates a
iscrepancy in the water balance from water chemistry assessment. This discrepancy suggest that all the outlets of water
r non-evaporative removal of water from the delta were not evaluated in the Wilson and Dincer (1976) and Dincer et al.
1979) models.
8 E.A. Atekwana et al. / Journal of Hydrology: Regional Studies 7 (2016) 1–13
Fig. 4. Cross plot of the dissolved inorganic carbon (DIC) concentrations vs. the extent of evaporation, (b) pH vs. the extent of evaporation, (c) the log of the
partial pressure of CO2 (Log pCO2) vs. the extent of evaporation, (d) the saturation index with respect to calcite (SIcalcite) vs. the extent of evaporation (e)
Ca2+ vs. the extent of evaporation and (f) the stable carbon isotope (13C) vs. the extent of evaporation for evaporated river and water from the Okavango
Delta.
4.3. DIC and ı13CDIC evolution in the evaporated river samples
4.3.1. DIC concentrations
We  measured a 500% and 850% increase in the DIC concentrations for evaporation of ∼90% of river water from Mohembo
and Maun, respectively (Fig. 4a). The evaporating river samples showed increased pH throughout and the pH increase for
the evaporation of 25% of the water was steep compared to gentle increase for evaporation beyond 25% (Fig. 4b). The rapid
increase in the pH for evaporation of the initial 25% of the river water samples is concomitant with rapid decreases in the pCO2
in the samples (Fig. 4c) which can be explained by CO2(g) loss from the samples. For the evaporation of 25% to 90% of the river
samples, the pCO2 is nearly constant (Fig. 4c) and the pH increases slowly (Fig. 4b) while the DIC concentrations continuously
increase (Fig. 4a). The pCO2 of the samples is still higher than atmospheric (log pCO2 = −3.4) and we expected the samples
to continue to lose additional DIC as CO2(g). We  note that continuous increases in the DIC concentrations occurred (Fig. 4a)
despite the fact that the pCO2 was nearly constant (Fig. 4c) and that supersaturation with respect to CO2(g) sequestering
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ineral phases (e.g., CaCO3(s)) was reached after evaporating ∼60% and ∼70% of the river samples (Fig. 4d) from Mohembo and
aun, respectively. The Ca2+ results which show continuous increase in concentrations (Fig. 4e) before and after saturation
ith respect to calcite (Fig. 4d) suggest that there was  no calcite precipitation after the evaporating river samples reached
aturation with respect to calcite. This is not surprising as other studies have shown that river water can become more
han 4 times supersaturated with respect to calcite with no apparent calcite precipitation (e.g., Suarez, 1983; Szramek and
alter, 2004). Based on the results of the evaporated river samples, the increase in the DIC concentrations spatially across
he Okavango Delta is consistent mostly with evaporation in the permanently ﬂooded reaches and with greater transpiration
n the occasionally ﬂooded reaches in the lower portion of the delta as discussed in Section 4.2. (Fig. 3c).
.3.2. Stable carbon isotopic composition of DIC (ı13CDIC)
Incubation of the river samples before the start of evaporation experiment added CO2(g) from mineralization of DOC to
he DIC pool. This caused the 13CDIC to decrease from ﬁeld values of −7.9‰ to −18.2‰ for the evaporated river sample from
ohembo and from −6.6‰ to −14.6‰ for the evaporated river sample from Maun (Table 1). The decrease in the 13CDIC
uring the incubation period is consistent with mineralization of DOC from C3 vegetation (e.g., Lin and Ehleringer, 1997). The
emporal 13C of the DOC in the evaporated river samples were −23.5 ± 0.6‰ for the Mohembo (n = 9) and −24.2 ± 0.2‰ for
he Maun (n = 9) samples (Table 1). The progressive evaporation of the river water samples was  accompanied by enrichment of
he 13CDIC by 17.7‰ and 14.1‰ for the Mohembo and Maun samples, respectively (Fig. 4f; Table 1). The rate of enrichment
f 13CDIC with progressive evaporation was initially rapid for the evaporation of 25% of the samples and then slowed
onsiderably for the rest of the evaporation (Fig. 4f). The rapid increase in the 13CDIC corresponds to loss of isotopically light
O2(aq) contributed to the DIC pool by microbial respiration of DOC as observed by a steep decrease in the pCO2 (Fig. 4c) and
he rapid increase in the pH (Fig. 4b). The temporal 13CDIC results indicate that signiﬁcant input of carbon from microbial
ineralization of DOC or photooxidation of DOC did not occur during the progressive evaporation of the river samples
Fig. 4f).
The contribution to and loss of the respired CO2(g) from the DIC pool is appropriately described by Eq. (1) and is thus
ontrolled by the pCO2 (e.g., Stumm and Morgan, 1981).
CO2(g) + H2O ↔ H2CO3 ↔ HCO3− + H+ (1)
Complete loss of the CO2(aq) that was produced from microbial respiration of the DOC during the incubation period
everted the 13CDIC to values similar to those of river samples measured in the ﬁeld from Mohembo (−7.9‰)  and Maun
−6.6‰) shortly after 25% evaporation of the samples (Fig. 4f; Table 1). Furthermore, the enrichment of the 13CDIC beyond
5% evaporation of the river samples (Fig. 4f) occurred with increasing DIC concentrations (Fig. 4a) and nearly stable pCO2
Fig. 4c). The nearly constant pCO2 is particularly revealing, as this suggest that the HCO3− proportion in the solution remained
early constant. We  argue that further loss of CO2(aq) from the samples could only occur by precipitation of carbonate at
upersaturation controlled by the solubility product of CaCO3(s) which can initiate the reversal of Eq. (2).
CaCO3(s) + H2O + CO2(g) ↔ 2HCO3− + Ca2+ (2)
The saturation state of the evaporated solutions indicates no loss of carbon by precipitation (Fig. 4d and e). Also, although
he evaporating samples were exposed to light during the day time, it is unlikely that photosynthesis played a signiﬁcant role
n the removal of carbon from the DIC pool, as the DIC concentrations show no signiﬁcant decreases (Fig. 4a). We  suggest that
he combined temporal increases in the DIC concentrations and the 13CDIC suggest that the CO2(g) lost from the evaporated
iver samples was initially from DIC produced by DOC mineralization. This was followed later (>25% evaporation) by carbon
quilibration between DIC and atmospheric CO2(g) as explained below. Nevertheless, our results are consistent with studies
hat suggest that microbial respiration may  be the primary source of CO2(g) lost from river water to the atmosphere (Richey
t al., 2002).
.4. Evolution of DIC and ı13CDIC in the ﬁeld samples
Spatially between Mohembo and Maun, we  measured an increase in DIC concentrations in river water of up to 379%
uring high water conditions in 2008 and 500% during low water conditions in 2010. We  show the relationship between
he DIC concentrations vs. 13CDIC for river samples collected during low and high water conditions along with evaporated
iver samples from Mohembo and Maun in Fig. 5a. We  observe that the data for spatial river samples do not behave like
he evaporated river samples and plot mostly close to data for the evaporated river water from Mohembo and to the left
f the DIC concentrations for evaporated river from Maun. The scatter in the DIC concentrations vs. 13CDIC indicates that
ultiple processes control both the DIC and 13CDIC evolution across the delta. Results from river water that was  evaporated
nd in contact with the atmosphere show that DIC concentrations increased (Fig. 4a) and the 13CDIC increased (Fig. 4f) over
ime with continuous evaporation. While it is clear that DIC concentrations increase with continuous evaporation is from
ater removal, evaporation should have no effect on the 13CDIC. To account for the increase in the 13CDIC a simpliﬁed
pproach is to examine processes that add DIC to the DIC pool while increasing the 13CDIC. Organic matter respiration
and photooxidation) (Mladenov et al., 2005; Cawley et al., 2012) in the river can add CO2(g) to the DIC pool which will
ncrease the DIC concentrations. However, the increase in the 13CDIC observed for the samples is not consistent with such
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Fig. 5. Cross plot of dissolved inorganic carbon concentrations (DIC) vs. the stable carbon isotope (13C) of DIC for evaporated river water and water from
13the  Okavango Delta, (b) concentration of DIC at the start of evaporation (C0) to the concentration of DIC during evaporation (Ct) vs.  C of DIC for evaporated
river  water and (c) concentration of DIC at the most upstream station in Mohembo (C0) to the concentration of DIC down river from Mohembo (Ct) vs. 13C
of  DIC for evaporated river water and river water collected from the Okavango Delta.
a processes as the 13C of the CO2(g) released into the DIC pool should decrease the 13CDIC. This is expected because
the temporal 13C of the dissolved organic matter in the evaporated river samples were −23.5 ± 0.6‰ for the Mohembo
and −24.2 ± 0.2‰ for the Maun samples (Table 1), consistent with the 13C of −23.0 to −25.0‰ reported for DOC in the
Okavango River and its distributaries (Akoko et al., 2013; Meier et al., 2015). Photosynthesis which increases the 13CDIC and
decreases DIC concentrations (Aucour et al., 1999; Telmer and Veizer, 1999; Finlay, 2003) can account for the increase in the
13CDIC as observed for the ﬁeld samples but not the increase in the DIC concentrations. Since multiple processes occurring
13simultaneously and/or sequentially may  be controlling the DIC and the  CDIC evolution it is difﬁcult to determine this from
the raw DIC concentrations and 13CDIC results.
A plot of the ratio of the DIC concentration at any time during evaporation (Ct) to that at the beginning of the experiment
(C0) vs. the 13CDIC (Fig. 5b) can be used to determine the major processes that control the DIC evolution in evaporating river
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amples interacting with atmosphere (e.g., Abongwa and Atekwana, 2014). We  can deﬁne three sequential evolutionary
teps in the evaporated river samples based on the change in direction and slope of relationship between Ct/C0 vs. 13CDIC.
hese distinct evolutionary segments have been identiﬁed in Fig. 5b by numbered arrowed segments. The behavior of the
vaporated river sample from Mohembo and Maun are initially different. The data for Mohembo shows a slight decrease
n the Ct/C0 as the 13CDIC increase from −18.2‰ to −7.8‰ (Fig. 5b; arrow segment labeled 1). This evolutionary behavior
s followed by a positive increase in the Ct/C0 as the 13CDIC increases from −7.8‰ to −4.2‰ for the Mohembo sample. A
ositive Ct/C0 vs. the 13CDIC relationship deﬁnes the initial evolution of the Maun sample as the 13CDIC increases from
14.6‰ to −6.3‰ (Fig. 5b; arrow segment labeled 2). Although the Ct/C0 vs. the 13CDIC continue their positive increase,
he rate of increase in the 13CDIC slows and the slope of the relationship decrease as the 13CDIC in the Mohembo sample
ncreases from −4.2‰ to −0.5‰ and that for Maun increases from −6.3‰ to −0.5‰ (Fig. 5b; arrow segments labeled 3).
The evolutionary behavior exhibited during the initial evaporation of the river sample from Mohembo and not observed
n the evaporated river sample from Maun is explained by loss of DIC as CO2(g) from the Mohembo sample (Abongwa and
tekwana, 2014). The initial pH of the river samples after incubation and before evaporation were 6.3 for the Mohembo and
.0 for the Maun river samples (Table 1) which is consistent with a higher initial log pCO2 of −1.9 atm for the Mohembo
ompared to −2.3 atm for the Maun river samples (Table 1). Loss of DIC to the atmosphere as CO2(g) will enrich the 13CDIC
nd decrease the DIC concentration (e.g., Clark and Fritz, 1997). Therefore the initial enrichment of 10.4‰ in the 13CDIC for
egment 1 of the Mohembo DIC evolution (Fig. 5b) is from the cumulative effect of kinetic fractionation from CO2(g) outgassing
e.g., Mills and Urey, 1940; Usdowski and Hoefs, 1990). Loss of CO2(g) from solution by diffusion enriches the residual DIC
ool in 13C; diffusive loss of CO2(g) enriches the 13CDIC by 1.1‰ at 25 ◦C (Vogel et al., 1970). Beyond the initial evolution of
he evaporated Mohembo river sample, the overall increase in the DIC concentrations with increases in the 13CDIC suggest
hat loss of DIC as CO2(g) to the atmosphere is not prominent in controlling the DIC evolution in the evaporating river samples.
After the initial loss of CO2(aq) and an increase in the pH of the Mohembo sample to >7.0, both the river samples from
ohembo and Maun evolved similarly. During this evolutionary behavior, both the DIC concentrations and the 13CDIC
ncrease (segment 2; Fig. 5b). The increase in the DIC concentration can be ascribed to the effect of increased evaporation
hile the increase in the 13CDIC is attributed to chemical equilibration of the carbon in the DIC with that of atmospheric CO2(g)
Abongwa and Atekwana, 2014). The isotopic fractionation for the carbon in the DIC of the evaporating sample undergoing
hemical equilibration with atmospheric CO2(g) depends on temperature (e.g., Clark and Fritz, 1997). It is difﬁcult to use
he temperature which ranged from 16.7 to 6.1 ◦C during the 35 day experiment (Weather Underground, 2015) to model
he equilibrium 13CDIC for the evaporating samples. However, if we assume an isotopic composition of atmospheric CO2(g)
f −8.0‰ (Allison et al., 2003) and equilibrium isotopic fractionation during CO2(g) HCO3− equilibration (CO2(g)-HCO3-) of
8‰ at 25 ◦C (Mook et al., 1974), then the isotopic value of the equilibrated DIC should be around 0.0‰.  This estimate is
easonable because the most positive 13CDIC measured for the evaporated river water was  −0.5‰ (Table 1) and surface
ater from Lake Ngami in the distal portion of the Okavango Delta equilibrated with atmospheric CO2(g) at a maximum
13CDIC of 0.2‰ (Meier et al., 2015).
Following the kinetic loss of CO2(g) from the evaporating Mohembo river sample, the increase in the 13CDIC for next
volutionary stage (segment 2) the for the Mohembo sample was 3.6‰ and that for the Maun sample which characterizes
his stage was 8.3‰.  The change in the slope to the increase in the DIC concentrations and increase in the 13CDIC for both
he Mohembo and Maun samples occur around a 13CDIC of about 4.8 ± 0.1‰ (Fig. 5b) which suggest to us that the process
overning the DIC evolution during this stage was related to the chemical state of the evaporating samples (Abongwa
nd Atekwana, 2014). The chemical state of the solution is revealed by both the pCO2 and by the degree saturation with
espect to CaCO3 precipitation. Prior to achieving a nearly steady state in the pCO2 (Fig. 4c), the pH of the evaporating
amples (Fig. 4b), the DIC concentrations (Fig. 4a) and the 13CDIC (Fig. 4f) were increasing. If no DIC was  lost as CO2(g)
r to precipitation as CaCO3 during this period, then the 13CDIC should have remained constant. However, the 13CDIC
ncreased, the saturation state of the solutions increased and the pH of the solutions increased. This indicates to us that
he increased DIC concentrations was masking the loss of DIC as CO2(g) which was  responsible for the pH increase and the
hemical evolution towards equilibrium with atmospheric CO2(g) and towards the saturation with respect to carbonate. Once
hemical equilibrium condition was achieved in the evaporating samples, the loss of DIC as CO2(g) ceased and the increases in
he DIC concentrations were accompanied by increasing 13CDIC from enrichment by isotopic exchange of carbon between
IC and atmospheric CO2(g) (Abongwa and Atekwana, 2014).
We then used the relationship between Ct/C0 vs. 13CDIC to decipher the sequential evolution of DIC during evaporation
f natural river water. A plot of the Ct/C0 vs. 13CDIC for river samples collected across the Okavango Delta is presented in
ig. 5c. We  assumed that the increase in the solute concentration down river is cumulative and therefore we assigned C0
s the concentration of DIC measured at the Mohembo station and Ct as the concentration of DIC measured at the stations
own river. Although there is a general increase in Ct/C0 as the 13CDIC increase, the relationship is poor, indicating perhaps
ultiple processes affecting the DIC evolution across the Delta. There are no dramatic increases in the 13CDIC with slight
ecreases in DIC concentrations that characterize CO2(g) loss typiﬁed by the initial stages of the evaporated Mohembo river
ample and therefore no kinetic isotopic enrichment of the 13CDIC down river. Also, the 13CDIC values of river water at the
istal portion of the delta where the river water has been exposed for more than 120 days across the delta do not indicate
quilibrium conditions with atmospheric CO2(g); it took less than 35 days for the evaporated river samples in contact with the
tmosphere to reach equilibrium with atmospheric CO2(g). This suggests to us that the extent of exposure of the river water
n the delta was not the primary control of the 13CDIC evolution even though the solute and DIC enrichment was controlled
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by the extent of evapotranspiration as river water travelled down the delta. The river samples were collected spatially at
different distributaries and thus may  not represent a single continuous evapotranspiration and carbonate evolution of the
same river sample. Nevertheless, we suggest that the overall increase of the 13CDIC with increase in DIC is mostly due to
equilibration of carbon in DIC with atmospheric CO2(g). Included in the spatial evolution is aquatic photosynthesis which
occurs in the river and should enrich the 13CDIC. We  argue that the only reason why  the 13CDIC is not close to the expected
equilibrium value of 0‰ with respect to atmospheric CO2(g) is a likely balance by light carbon produced by DOC respiration
and/or photo-oxidation of DOC.
Dissolution of carbonates will increase the 13CDIC and increase the DIC concentrations if the 13C of the carbonates are
higher than the 13CDIC of the river water. There are tens of thousands of island in the Okavango Delta where carbonate
precipitates can form from evaporative enrichment (McCarthy and Metcalfe, 1990; McCarthy et al., 1991). Although not
reported, carbonates have the potential to form on the ﬂoodplain by the same evaporation processes that drives the formation
of carbonates on the islands. Akoko et al. (2013) has previously suggested that the interaction between river water and the
ﬂoodplains and the islands during high water conditions can explain the increase in DIC and the 13CDIC down river in the
lower delta. The carbonates form on the islands is mostly thermonatrite (Na2(CO3)·(H2O)) and there is no evidence in the
major cation chemistry of unusually higher concentration of Na+ relative to other cations (Table 1), consistent with solute
input from the dissolution of thermonatrite.
5. Conclusions and implications
We  investigated the evolution of DIC in the Okavango River and its distributaries in the terminus of the endorheic basin in
semiarid NW Botswana. Endorheic basins cycle carbon within the terrestrial system and prior to quantiﬁcation of the carbon
balance, insights as to how carbon evolves and is partitioned between the aquatic, biotic and the atmospheric reservoirs are
needed. Our investigation indicates that evapoconcentration increases DIC concentrations in river water spatially down river.
River water collected from the proximal portion before signiﬁcant evapotranspiration and the distal portion after extensive
evapotranspiration was  incubated and evaporated and provided a model in determining the effect of simple evaporation
on DIC concentration and contribution of DOC mineralization on the 13CDIC evolution. The controlled river evaporation
showed when DIC produced from organic matter respiration was  lost and how progression towards chemical equilibrium
with atmospheric CO2(g) increase the 13CDIC. When the evaporated river samples achieved chemical equilibrium, isotopic
equilibrium between carbon in the DIC and atmospheric CO2(g) was achieved by carbon exchange between the DIC and
atmospheric CO2(g). Using the results from the evaporated river sample, we  argue that equilibration of carbon between
riverine DIC and atmospheric CO2(g) governs the isotopic evolution of DIC across the Okavango Delta. Aquatic photosynthesis
is secondary and has minor contribution to the 13CDIC enrichment. Although the Okavango River was exposed for more
than 120 days as the river ﬂows from the proximal to the distal end of the delta, the DIC in the river does not achieve isotopic
equilibrium with atmospheric CO2(g). Organic matter respiration and perhaps photooxidation of DOC which produces light
carbon must play a role in balancing carbon in the DIC pool such that isotopic equilibrium with atmospheric CO2(g) is not
achieved.
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